Chinese hamster ovary cells (CHO)' grown for one cycle in bromodeoxyuridine (BrdU) contain a small amount (0.5%) of unusually dense double stranded DNA. This dense DNA has been previously interpreted as being bifilarly substituted with BrdU and hence evidence that sister chromatid exchange (SCE) formation proceeds via the Holliday model of recombination. However, the amount of this dense DNA is 100 times greater than that expected based on the SCE frequency in similarly cultured CHO cells, and it is not increased by treating the cells with mitomycin C. Moreover, contrary to expectations for bifilarly substituted DNA, the amount of this dense DNA is not reduced by growing BrdUlabeled cells for a second cycle in TdR. Finally, DNA isolated from CHO cells contains a minor band (0.5%) with a density 0.025 gm/cc greater than that of the main band, whether or not BrdU has been incorporated. These results call into question the identification of this unusually dense DNA as bifilarly substituted and hence its previously postulated relationship to SCE formation.
INTRODUCTION
Sister chromatid exchanges (SCEs), first described by J.
Herbert Taylor and associates (1) , have provided information about chromosome structure (2, 3) , the response of cells to mutagens-carcinogens (4, 5, 6, 7, 8, 9) , and human chromosome fragility diseases (19, 11, 12, 13) . The availability of BrdU-dye techniques for detecting DNA synthesis has greatly facilitated SCE detection (4, 14, 15, 16) , reinforcing interest in these events.
However, the mechanism of SCE formation remains unknown.
Recent experiments involving DNA buoyant density measurements (17, 18) have been interpreted to suggest that DNA interchange during SCE formation may conform to processes proposed for generalized DNA recombination (19, 20) . As described by Holliday (19) , this process involves interchange of DNA strands, leading to a heteroduplex region containing complementary segments from each original duplex. The observation of a small amount of DNA substituted in both strands with BrdU after less than one round of BrdU incorporation (17, 18) has constituted chemical evidence for formation of these heteroduplex regions during sister chromatid exchange. However, while the amount of this "heavy-heavy" DNA (HH DNA) was increased by treatment of cells with either UV light (18) or mitomycin C (17) , the absolute amount of this DNA was more than ten times that expected from the size of the DNA fragments and the number of SCEs observed in related cytological experiments.
In order to characterize this unusually dense DNA in greater detail, we chose to work with a line of Chinese hamster cells (CHO) that can be synchronized (21) , minimizing problems associated with DNA replication forks (22, 23) . Also, since recent studies with these cells (24) had indicated that.SCE formation required replication subsequent to DNA damage, it was possible to treat cells with mitomycin C at specific cell cycle times differing greatly in the inducibility of SCEs. Using such cells the amount of dense DNA was not increased, either with a dose of mitomycin C sufficient to quadruple SCEs without appreciably blocking cell cycle progress or with a protocol previously reported (17) to cause such an increase in CHO cells. A small amount of DNA, approximately 0.025 gm/cc denser than mainband DNA, was observed whether or not BrdU incorporation was employed.
This result suggests the existence in CHO cells of a minor component of unusually dense DNA which would obscure a much smaller quantity of HH DNA were it to occur at SCE sites via the Holliday model of recombination.
MATERIALS AND METHODS

Chemicals
Nuclease S, was purchased from Miles, nuclease-free pronase from Calbiochem and pancreatic RNAase from Worthington. CsCl and NP-40 were obtained from Varlacoid Chemicals and Particle Data Labs, Elmhurst, IL, respectively. The H-BrdU was purchased from New England Nuclear, Boston, MA. Mitomycin C, purchased from Sigma, Co., was dissolved in H-0 at 50pg/ml and stored at -20° in small aliquots. Giemsa was Gurr's R66, while 33258
Hoechst was the generous gift of Dr. H. Loewe.
Cell Culture
Chinese hamster ovary cells (CHO), cultured from material generously supplied by Drs. Joyce Hamlin and Arthur Pardee, were grown in modified Ham's F10 medium (24, 25) . The absence of mycoplasma in the cells was documented by Ms. S. Madoff of the Massachusetts General Hospital, using a culture technique. Cells were synchronized at the Gl-S boundary by sequential growth in isoleucine deficient medium and then in complete medium containing hydroxyurea (21, 24, 25) . Synchrony was documented by pulsing separate T-flasks with H-TdR for one hour, each hour, after release of cells from Gl-S by removal of hydroxyurea, and by checking the mitotic index. The rate of DNA synthesis peaked at about 5-6 hours,-S phase was over by 10 hours. In a representative experiment, DNA, isolated from metaphase cells-, was centrifuged to equilibrium in CsCl, aliquots of the gradient were counted (Fig. 1A) , and the fractions denser than main band DNA were rerun, together with marker DNA (density (Table 1 ) , but the total increase of SCEs over baseline was less than 30% for BrdU specific activities ranging from 30 pCi/mole to 270 pCi/mole.
Addition of 0.03 ug/ml mitomycin C at the start of S caused a three fold increase in S.C.E.s whether or not the BrdU was Figure 2 . Sister chromatid exchanges in CHO cells, induced by mitomycin C. Synchronized CHO cells were released into medium containing 2 x 10~5 M BrdU, and grown for 30 hours. Mitomycin C was added at the start of S. SCEs were determined from photographs of slides of metaphase cells as previously described (28) . Table 1 Synchronized CHO cells were released into medium containing BrdU (2 x10~5 M ) , the designated activities of â nd, in one case mitomycin C (0.03yg/ml). After 9 hours (approximately one S period), the flasks were rinsed and medium containing nonradioactive BrdU (2x 10~^ M) was added. Twentytwo hours later, the cells were harvested after colcemide treatment. Slides were made, stained, photographed and SCEs were scored as previously described (28) . Values shown are the mean ± standard error of the mean.
labeled with H (Fig. 2, Table 1 , Table 2 ) . The S.C.E. increment due to a constant amount of mitomycin C decreased as the time of exposure of cells within S was delayed. In particular, addition of 0.03yg/ml mitomycin C 5 hours prior to cell harvest (during the last 10-20% of S) induced some chromatid breaks but very few additional SCEs ( Table 2 ) . Use of a much higher terminal mitomycin C dose (lyg/ml) six hours before harvest of exponentially growing cells (the conditions used by Moore and Holliday (17)) did not increase either the SCE frequency or the amount of heavy DNA (Table 3 ) . If mitomycin C was added to cells proceeding from late S to metaphase, an elevation in SCEs could be detected at the subsequent metaphase (Table 2 ) .
To examine whether the dense DNA was of nuclear rather than cytoplasmic origin, the yield of this material in DNA isolated from metaphase cells was compared with that from DNA isolated from nuclei. Also, the effect of mitomycin C on DNA isolated from nuclei was determined. The percent of dense DNA was the same in all 3 cases (0.2%) ( Table 4 ) . In an additional experiment analysing DNA isolated from nuclei and from whole interphase 3.
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IntervalL Synchronized CHO cells, blocked at Gl-S, were released into medium containing BrdU (2 x 10~5 M ) and harvested 30 hours later. Sample #1 is the control. Mitomycin C (0.03yg/ml) was added for the indicated times. Colcemide (0.45yg/ml) was added to cells in sample #7 nine hours after release, mitomycin C was added at 11 hours, metaphase cells were harvested 2 hours later, washed and reseeded. Sample #8 corresponds to the interphase cells that were not removed from the flask at t = 13 hours. 3.
4.
Mitomycin C M BrdU. After 6 hours, the cells were placed in fresh medium containing 2 x 10~^ M TdR, and mitomycin C (lug/ml). DNA was isolated from interphase cells 5 hours later. The radioactivity in dense DNA was determined after two sequential CsCl gradients. SCEs were determined in from cells grown for 30 hours in 1 x 10~5 M BrdU. Mitomycin C (lyg/ml) was added 5 hours before harvest and the slides were made as previously described. In each experiment, synchronized CHO cells were labeled for one S period with 3 H-BrdU (5pg/ml and 2 x 10~5 M ) .
In experiment 1, cells were harvested after either 10 hours (interphase) or 12 hours (metaphase) and DNA was isolated as described in Materials and Methods. In the second experiment, DNA was isolated from interphase cells using the isolation procedure standardly employed for metaphase cells. The radioactivity in dense DNA was determined after two sequential CsCl isopycnic gradients. cells, the yield was the same for both cases (0.4%), indicating that the dense DNA is of nuclear origin (Table 4 ) .
Since the amount of this dense DNA did not increase under circumstances expected to increase SCEs, it was characterized further. Experiments were performed to determine whether the increased density of this DNA was due to bifilar substitution with BrdU, whether it was single stranded, and whether it corresponded to a CHO DNA species of high density, perhaps a bouyant density satellite.
If the dense DNA contained BrdU in both strands, it should be converted to hybrid DNA by subsequent replication in medium containing only TdR; all of the incorporated H-BrdU would then be shifted to the density of unifilarly substituted DNA. In order to obtain cells which incorporated BrdU for one S period and then TdR for a second S period, synchronized CHO cells were incubated with H BrdU for the first S period, metaphase cells were collected, and the cells were allowed to incorporate TdR for a second S before collection at the subsequent metaphase.
The amount of dense DNA was not reduced by this procedure (Fig.3B) , Synchronized CHO cells were incubated with ^H-BrdU for 12 hours (A). DNA was isolated from metaphase cells and sheared; and the results of the second of two sequential CsCI gradients are shown. In (B), synchronized CHO cells were labeled with "^H-BrdU for 8 hours, and then rinsed and incubated with medium containing TdR (2 x 10"^ M). Metaphase cells were collected, allowed to replicate in the presence of TdR (2 x 10"°M), and cells at the subsequent metaphase were harvested for DNA isolation. In (C) the synchronized CHO cells were labeled with 3 H-TdR. After 12 hours, metaphase cells were collected, washed, reseeded, into medium containing non-radioactive BrdU (2 x 10"^ M). and harvested at the subsequent mejaphase as described above. Total radioactivity (CPM) i n the lysates was (A) control, 5. indicating either that it was not of chromosomal origin or that it was not originally bifilarly substituted with BrdU. Reversing the labeling protocol ( H-TdR for the first S and nonradioactive BrdU for the second S) also did not reduce the amount of dense DNA (Fig. 3C) . The chromosomal origin of the dense DNA was established by examining the effect of shear on its yield. If the sequences of dense DNA were interspersed among chromosomal sequences of lower density, then this interspersed material would not be resolved until the average size of the isolated DNA approached 3 H-BrdU (5 yCi/ml and 2 x 10" 5 M) for one S period. In experiment 1, an unsheared lysate was centrifuged to equilibrium in CsCl, and the denser fractions were recentrifuged to determine the amount of unusually dense DNA (1700 cpm). The purified hybrid DNA from the first gradient was divided into 2 samples; one of which was sheared. The amount of dense DNA in the unsheared and sheared hybrid DNA was determined by two additional CsCl gradients.
In experiment 2, the unsheared lysate was centrifuged to equilibrium in CsCl, and the denser fractions recentrifuged, yielding 750 cpm of dense DNA. Shearing all of the purified hybrid DNA from the first gradient produced 835 cpm of dense DNA. molecular weight of 5 x 10 . Both samples were again centrifuged, collected into beakers, and the denser fractions of both gradients were rerun with marker DNA. Shearing the purified HL (hybrid) DNA released a large amount of dense DNA (0.4%) ( Table   5 , line 2 ) , but almost no dense DNA appeared from the unsheared purified HL DNA (Table 5 , line 3 ) . In a second experiment, using DNA isolated from metaphase cells, 50% of the total dense DNA appeared before the DNA was sheared, and the remaining 50% was released when the purified hybrid DNA was sheared (Table 5 ) ; i.e., at least half of the dense DNA is joined to chromosomal hybrid DNA.
To examine whether the dense DNA was single stranded, high density fractions from the first gradient were treated with nuclease S^. Since some hybrid DNA, which is resistant to Sŵ as always present in the denser fractions of the initial CsCl gradient, an assay of the S. sensitivity of dense DNA based solely on solubilized total radioactivity would have been unreliable.
In contrast, centrifugation of partially purified DNA after digestion with S, would permit a sensitive detection of the loss of any dense DNA. In these experiments, unsheared DNA isolated from nuclei was used to insure better resolution of dense DNA from HL DNA. The CsCl gradients demonstrated that the dense DNA was Unsheared CHO DNA labeled with H-BrdU was isolated from nuclei and centrifuged to equilibrium in CsCl in polyallomer tubes. The denser gradient fractions were pooled and dialyzed versus S-^ buffer (30 mM sodium acetate, pH 4.6, 50 m M N a C l , 1 mM ZnSO4> . NaCl was then added to 0.3 M to inhibit the digestion of native DNA by S]_. Glycerol, native salmon sperm DNA, and denatured salmon sperm DNA were added to give a final concentration of 5%, 2pg/ml, and 0.4pg/ml respectively. To ensure that the S^ was active, denatured CHO DNA labeled with i 4 C was also added. Half of the sample was digested with nuclease S( 200 units/ml) for one hour at 37°; the remainder was kept at 0°. The samples were then centrifuged to equilibrium in CsCl with l^C-labeled 0 e DNA as a position marker. resistant to S, under conditions in which the denatured CHO DNA was completely digested (Table 6 ) .
Since the dense DNA is double stranded and integrated into the chromosomal DNA, but could not be chased (converted into lighter DNA by one cycle of dT incorporation) it was considered likely that this CHO DNA was intrinsically heterogeneous in buoyant density. That possibility was examined by isolating unsheared DNA from nuclei of synchronized cells which had been labeled for one cycle with H-TdR. Rebanding the denser fractions from the initial gradient revealed a peak of dense DNA around 1.72 gm/cc (Fig. 4A) . Shearing the purified main band DNA also produced a peak of dense DNA (Fig. 4B ). This minor band was found in DNA isolated from synchronized cells (metaphase or interphase) and from unsynchronized interphase cells. Nearly half of this minor band (amounting to 0.2% of the total) was resistant to S-^ nuclease. The observation that mitomycin C did not increase the amount of dense DNA conflicts with a previous report in which the yield of this DNA paralleled the increase in SCE frequency (17) .
Part of this discrepancy might reflect the different sizes of the sheared DNA (14 x 10 vs. 5 x 10 ) and the different baseline levels of dense DNA (0.15% vs. 0.5%). The difference in results cannot be ascribed solely to the use of hydroxyurea synchronized cells. In a separate experiment, using unsynchronized cells, we again found that mitomycin C (lug/ml at the end of S) did not increase the amount of dense DNA, nor did it increase the number of SCEs (Table 3 ) . This latter observation is in accord with other data (Table 2) indicating that SCEs are not appreciably induced during late S. Moore and Holliday were able to increase SCEs 3 fold with a late pulse of mitomycin C, but it is difficult to exclude subtle effects due to the near toxic levels of mitomycin C and possible different cell cycle times.
Additional experiments provided independent evidence that the dense DNA detected in our system was not the HH DNA (bifi-larly substituted with BrdU) predicted by the Holliday model of recombination. For example, the percent of dense DNA was not reduced when cells, labeled with H-BrdU for one S period, were subsequently incubated for a second S period in medium containing TdR (Fig. 3 ) . Any HH DNA that was produced by recombination in the first S period would become HL DNA in the second, and all the H-BrdU would shift to lower density. Reversing the labeling scheme (H-TdR for the first S and non-radioactive BrdU for the second) also did not change the percent of dense DNA (Fig. 3 ) .
In this case any recombination in the second S between hybrid DNA molecules should have produced LL DNA that was labeled with H-TdR and HH DNA that was unlabeled. In both these experiments the dense DNA persisted under conditions in which it should have been completely eliminated. The profile of the dense DNA peak in Fig. 3B ,3C suggests that it could conceal several DNA species.
The chromosomal origin of the dense DNA was corroborated by utilizing different DNA isolation and shearing procedures. DNA isolated from metaphase cells, from synchronized interphase cells or from isolated nuclei contained the same amount of dense DNA (Table 4 ) . Shearing purified HL DNA released a large amount of dense DNA, indicating that sequences of dense DNA are attached to chromosomal DNA (Table 5 ) . Approximately half of the dense DNA appeared when unsheared cellular DNA was first centrifuged in CsCl gradients. Since the size of unsheared DNA ranged from 30 -100 x 10 , it is evidence that large sequences of dense DNA (on the order of 20 x 10 ) exist in the' genome, while the remaining dense DNA is interspersed among DNA sequences of average base composition.
The resistance of unusually dense DNA to nuclease S. (Table   6 ) rules against the possibility that the density shift, relative to the main peak of labeled DNA (Figure 1 ) , is due to single stranded regions. An additional 0.1% to 0.2% of the BrdU-substituted DNA, of much higher density and hence presumably single stranded, was found at the bottom of the initial gradient, consistent with a previous report (17) . Dense DNA from H-TdR labeled cells (Figure 4 ) , approximately half of which is S.
resistant, exhibits a density increment of 0.025 gm/cc relative to the main band, a shift equal to that between dense H-BrdU labeled DNA and the unifilarly substituted material. It is thus possible that the existence of dense DNA after one round of labeling with H-BrdU is due to the density labeling of a minor species of DNA whose buoyant density is already 0.025 gra/cc greater than average CHO DNA.
The present results do not rule out the possibility that true HH DNA (i.e. bifilarly substituted with BrdU) is formed during SCE formation. However, it would be impossible to detect the amount of HH DNA expected in the presence of a much larger amount of density labeled minor band DNA. There is little previous evidence, using a single CsCl gradient, for satellite DNA in Chinese hamster cells (29) . If the dense DNA species detected in the present study, by two sequential CsCl gradients, is, as it appears, a true satellite, then it should be possible to shift its density relative to that of main band DNA by using an appropriate dye, and thus unmask any HH DNA formed via the Holliday model of recombination. In the absence of such data, it may be premature to conclude that SCEs are formed via the Holliday model, or at least that the dense DNA thus far described (17) is evidence for DNA recombination.
